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PLATE-MODE ULTRASONIC SENSOR 

This is a division, of application Ser. No. 07/467,412 
?led Jan. 18, 1990, now U.S. Pat. No. 5,129,262, which 
is a continuation of application Ser. No. 07/162,193 
?led Feb. 29, 1988 now abandoned. 
This invention relates to ultrasonic sensors, and par 

ticularly to ultrasonic sensing devices which utilize 
Lamb waves to sense changes in a measurand or to 
determine the value of a measurand. 
The invention also relates to method and apparatus 

generating, receiving, and processing Lamb waves and 
to method and apparatus utilizing Lamb waves for sens: 
ing and quantifying phenomena hitherto either not 
sensed or not quanti?ed with suf?cient accuracy. 

BACKGROUND OF THE INVENTION 

The phenomenon responsible for the operation of 
ultrasonic oscillator sensors is elastic wave propagation 
along a medium whose characteristics can be altered by 
a measurand. Where the characteristics of the waves 
propagating along the medium are dependent upon the 
characteristics of the propagation medium, the wave 
characteristics can be monitored or measured to pro 
vide an indication of the measurand value. 
Many sensing applications have been found for Ray 

leigh or surface acoustic waves (SAW’s). However, 
SAW’s can only propagate through a semi-in?nite me 
dium, that is, a medium having a thickness which is 
many times their wavelength. The propagation medium 
used by SAW sensors is commonly a piezoelectric sub 
strate or a piezoelectric-coated substrate, the piezoelec 
tric material cooperating with transducing electrode 
structures to generate and receive the SAW’s. 
SAW devices are shown, for example, in U.S. Pat. 

No. 3,878,474 to Dias and Karrer, in which a SAW 
oscillator is employed as a force-sensing device, and in 
US. Pat. No. 3,786,373 to Schulz and Holland, which 
discloses a temperature-compensated SAW resonator 
device which is not speci?cally designed for use as a 
sensing element. The latter patent includes a double 
substrate arrangement in which interdigital electrode 
arrays are disposed upon a substrate which may be 
deposited upon the surface of a non-piezoelectric layer 
which, in turn, is placed upon the surface of a piezoelec 
tric substrate, giving a propagation medium that is thick 
relative to the wavelength of the SAW’s. 

U.S. Pat. No. 3,965,444 to Willingham et al. shows 
another temperature-compensated SAW device, having 
a SiOz ?lm layer on a substrate of piezoelectric material, 
and US Pat. No. 4,480,209 to Okamoto, et al. shows a 
SAW device with a silicon substrate that is thick com 
pared to the wavelength of the SAW’s, together with a 
zinc oxide piezoelectric layer deposited thereon. 

U.S. Pat. No. 4,456,850 to lnoue et al. shows a high 
frequency piezoelectric composite “thin-?lm” resona 
tor in a fundamental thickness-extensional vibration 
mode. It is said to have good temperature stability and 
resonance response. Inoue uses “thin ?lms” having 
particular resonant frequency characteristics, but only 
as part of a thick sandwiched structure having the pi 
ezoelectric materials to achieve the temperature stabil 
ity. 
A number of problems arise in SAW sensing devices 

due to SAW characteristics or to the characteristics of 
the medium required for SAW propagation. One such 
problem is that it is dif?cult to operate SAW sensors 
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while they are immersed in most liquids, a problem 
rendering them inappropriate for many biological and 
chemical sensing applications. The reason is that when 
SAW devices are immersed, the SAW velocity is 
higher than the velocity of sound waves through the 
liquid; a large amount of the SAW energy is therefore 
radiated into the liquid, and the wave is attenuated as it 
travels along the propagation medium. 
Another problem with SAW sensors is that the thick 

ness of the SAW propagation medium makes such de 
vices inappropriate for certain sensor applications. Fur 
thermore, SAW sensor devices lack the degree of sensi 
tivity required for many possible sensor applications. 
A voltage sensor which utilizes a Lamb wave delay‘ 

line oscillator has been proposed by K. Toda and K. 
Mizutoni in the Journal of the Acoustical Society of 
America, Vol. 74(3), pages 677-79, 1983. The delay line 
uses a piezoelectric ceramic plate with a third electrode 
that changes the acoustic path length of the piezoelec 
tric plate in response to an applied voltage. Although 
the ceramic plate is capable of supporting Lamb waves, 
it is still a relatively thick medium, having a thickness of 
180 micrometers. This ceramic plate thickness is re 
quired for mechanical stability. However, this propaga 
tion medium thickness decreases the sensitivity of the 
voltage sensor and increases the velocity of Lamb 
waves which propagate therethrough. Also the thick 
ness required of the Toda/Mizutomi propagation me 
dium results in a device that is ill suited for many poten 
tial sensing applications. ' ‘ 

A metallic Lamb-wave structure has been proposed 
by Uozumi et al. for use in measuring the elastic proper 
ties of thin metallic ?lms as described Applied Phys 
ics Letters, Vol. 43(10), pages 917-19, 1983. The 
Uozumi et al. Lamb-wave structure teaches a lamb 
wave propagation medium that includes a metal base 
material on which is formed a piezoelectric ?lm. The 
metallic base layer is formed by plating copper, to a 
thickness of three microns, onto an evaporated copper 
?lm on a disposable substrate. The piezoelectric ?lm is 
deposited on this base material and transducer elec 
trodes are deposited on the piezoelectric ?lm to form a 
delay line structure. 
The structure shown by Uozumi et al. is dif?cult to 

fabricate and the resulting propagation medium is wrin 
kled out of its plane due to the compressive stresses 
developed on the metallic base layer during piezoelec 
tric ?lm deposition that deform the metallic layer sub 
stantially. This is in contrast to the Lamb-wave sensor 
of the present invention, which has a propagation me 
dium that is planar in form, even on its small scale. Also, 
propagation media pursuant to the teachings of Uozumi 
et al. are inappropriate for many possible sensor applica 
tions due to the properties of the metallic base material. 

It is therefore an object of the invention to provide 
ultrasonic sensor which exhibits high sensitivity. 
Another object is to provide an ultrasonic sensor 

having sensitivity at least an order of magnitude greater 
Y than the best SAW device currently available. 
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Another object is to provide an ultrasonic sensor 
having a small heat capacity so that it can respond rap 
idly to heating. 
A further object of the invention is to provide an 

ultrasonic sonic sensor device that can operate fully 
satisfactorily while immersed in ?uids of most types. 
These and other objects, advantages, and features of 

the invention will be apparent from the following sum 
mary of the invention and description of preferred em— 
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bodiments, considered along with the accompanying 
drawings. 

SUMMARY OF THE INVENTION 

The invention marks a departure from the use of 
SAW’s or Rayleigh waves in ultrasonic sensors and 
employs instead Lamb waves, which are also known as 
plate-mode waves. Lamb waves can propagate only 
through a material of fuiite thickness. In contrast to 
SAW’s, which require a propagation medium having a 
thickness on the order of hundreds of times the wave 
length of the SAW propagating therethrough, Lamb 
waves require a propagation medium which is at most 
only several wavelengths thick. 
The invention also marks a departure from the previ 

ously proposed Lamb wave voltage sensor, which uses 
a relatively thick but ?nite medium and relies only on a 
change in acoustic path length to detect a measurand. In 
contrast, the sensor according to the invention uses a 
very thin propagation medium which can be affected by 
a measurand in several different ways to produce a 
sensor output. Also, the sensor pursuant to this inven 
tion is capable of taking advantage of special Lamb 
wave characteristics that arise in plates whose thickness 
is comparable with or small as compared to the wave 
length of the wave. 
The invention includes a thin propagation medium 

capable of supporting Lamb waves, generating means 
for generating Lamb waves along the propagation me 
dium, conversion means for converting the Lamb 
waves into electrical signals representative of the 
waves, and measuring means for measuring certain 
characteristics of the electrical signals which represent 
the Lamb waves propagating along the medium. 
The wave generating means cause Lamb waves to 

propagate along the propagation medium, the medium 
also having material characteristics which can be al 
tered by a measurand. Changes in the propagation me 
dium characteristics, in turn, cause changes in the wave 
characteristics of the Lamb waves propagating along 
the medium. The Lamb wave characteristics are mea 
sured or monitored by the measuring means to detect 
changes in, or to determine the value of, a measurand. 
The propagation medium comprises a very thin pla 

nar sheet of material which is capable of supporting 
Lamb wave propagation, and is preferably much thin 
ner than the wavelength of the particular Lamb waves. 
For example, where the wavelength of the Lamb waves 
is on the order of 100 microns, the propagation medium 
is preferably approximately only a few microns thick or 
no greater than twenty microns. The propagation me 
dium of a sensor according to this invention may have a 
thickness up to about two times the wavelength of the 
waves to be propagated through the medium. However, 
lesser thicknesses are readily obtainable and may be 
required to provide desired sensor characteristics for a 
particular application or to take advantage of special 
Lamb wave characteristics that arise in very thin plates. 
The propagation medium may also be referred to as 

an acoustically-thin plate or a membrane. ‘Strictly 
speaking, it is neither a “plate” nor a “membrane” as 
those terms a usually de?ned in the mechanical engi 
neering literature. Unlike such plates, the present plate 
is so thin that its elastic response to deformation can be 
in?uenced by in-plane tension that develops during the 
initial fabrication process. Also, since flexural Lamb 
waves can propagate on these structures, they are un 
like membranes, which are formally regarded as being 
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4 
in?nitely ?exible. However, in spite of these formal 
differences, the terms “propagation medium”, “plate”, 
and “membrane” will be de?ned, for the purposes of 
this speci?cation, and unless otherwise speci?ed, as any 
structure capable of supporting Lamb wave propaga 
tion. Also, the term “Lamb waves” will be de?ned, for 
the purposes of this speci?cation, as any elastic wave 
that propagates in a ?nite medium regardless of in-plane 
tension or lack of such tension in the propagation me 
'dium. 

Since the propagation medium thicknesses are gener 
ally in the order of several microns, semiconductor 
microfabrication materials and techniques are prefera 
bly employed in the construction of the membrane. For 
example, in a preferred form, the membrane is formed 
on a silicon wafer and comprises a layer of silicon ni 
tride, a layer of aluminum or other conducting material, 
and a layer of piezoelectric zinc oxide. A portion of the 
silicon beneath the silicon nitride layer is etched away 
to leave a thin membrane, supported along at least a 
portion of its periphery by the remaining silicon wafer. 
The present sensor uses a transducer structure cou 

pled to the propagation medium to generate both sym 
metrical and antisymmetrical mode Lamb waves in the 
medium. In one form, the transducer electrodes differ 
entially deform a piezoelectric material that forms .a 
layer of the propagation medium to produce a mechani 
cal wave motion in the medium. In another form, the 
transducer electrodes can produce a sufficient electric 
?eld intensity to produce Lamb waves in the propaga 
tion medium without the need for a piezoelectric mate 
rial. 

In one form, the Lamb-wave sensor includes a delay 
line having a launching transducer and a receiving 
transducer, each coupled to the propagation medium. 
The launching transducer converts an electrical signal 
into a mechanical motion in the propagation medium to 
generate Lamb waves in the medium. The receiving 
transducer receives the Lamb waves and produces an 
electrical signal representative of the mechanical Lamb 
wave motion along the propagation medium or mem 
brane. 
The delay line form may also include a feedback path 

leading from the receiving transducer back to the 
launching transducer, having a feedback ampli?er, for 
amplifying the signal produced by the receiving trans 
ducer. When suf?cient gain is provided by the feedback 
ampli?er, the device forms a feedback oscillator that 
will oscillate at the frequency of the Lamb waves prop 
agating along the propagation medium. 

Also, since semiconductor microfabrication materials 
and techniques can be employed in producing the mem 
brane, the ampli?er can be formed integrally with the 
propagation medium on a common substrate in, or as a 
part of, an integrated circuit chip. 

In the feedback-oscillator embodiment of the Lamb 
_ wave sensor, the measuring means may be a frequency 

a counter which provides a reading of the oscillation 
frequency. As a measurand changes the propagation 
characteristics of the propagation medium or mem 
brane, the oscillation frequency changes. Thus, the 
oscillation frequency indicates the change in and the 
value of the’ particular measurand. 

In another form, the delay line is operated as a passive 
device rather than as an oscillator. In this form, a volt 
age source supplies the launching transducer, and the 
receiving transducer is connected to a suitable measur 



5,189,914 
5 

ing instrument to determine the relationship between 
the output and the input signals of the delay line. 
Where the delay line structure is operated as a passive 

device, the measuring means includes a signal amplitude 
measuring means for measuring the insertion loss of the 
delay line. This loss depends on the transducer ef? 
ciency and the amplitude loss of the Lamb wave as it 
propagates along the propagation medium. The measur 
ing means may also include means for measuring the 
phase shift of the Lamb wave as it travels along the 
propagation medium. 
The Lamb-wave sensor of the invention may also be 

operated as a active or passive one-port device, in 
which case a single transducer is coupled to the propa 
gation medium. In the passive form, the single trans 
ducer is connected to a measuring circuit that deter 
mines its input impedance as a function of frequency. In 
the active one-port embodiment, the transducer is con 
nected into an oscillator circuit where it is the frequen 
cy-determining element. . 
The Lamb waves in this invention have a velocity 

between 100 and 10,000 (meters per second), as com 
pared with the velocity of 3,000 to 6,000 m/s for 
SAW’s. Also, whereas the SAW’s have only a single 

’ mode of wave propagation, this mode being non-disper 
sive, and whereas the Toda voltage sensor couples only 
to symmetric Lamb wave modes, the Lamb waves of 
the present sensor have many modes of propagation, 
some of which are or may be dispersive or antisymmet 
rical. 
An important feature of the present sensor is that the 

wave velocity of the zeroth-order antisymmetrical 
Lamb waves in the present propagation medium, is 
lower than the velocity of sound through most ?uids, 
i.e., less than about 1500 meters per second. Therefore, 
in this mode of propagation, the Lamb waves propagat 
ing along the propagation medium or membrane cannot 
radiate energy into a surrounding ?uids. Thus, the sen 
sor may be operated while immersed in ?uids. This is in 
contrast to SAW sensors, in which SAW velocities are 
higher than the velocity of sound through most ?uids, a 
characteristic which renders typical SAW sensors inap 
propriate for operation while immersed in ?uids. 
The Lamb-wave sensor of this invention may operate 

in a frequency range of approximately 1 to 200 MHz. By 
contrast, the SAW sensors operate in a frequency range 
of 10 to 2,000 MHz. The lower-frequency operation of 
sensors pursuant to this invention is much more conve 
nient in terms of the costs of associated electronic equip 
ment, such as frequency counters and feedback ampli? 
ers, for example. - 
The novel sensor of this invention can be used in 

many different sensor applications. For example, it may 
be used as a microphone, a biosensor, a chemical vapor 
or gas detector, an accelerometer, a manometer or other 
pressure-measuring device, a densitometer, a radiome 
ter, or a thermometer. 
As an example, consider the use of the device as a 

manometer to determine gas pressure. When exposed to 
a steady pressure on both sides of the propagation me 
dium, the sensor of this invention produces a constant 
frequency output having a typical value around ?ve 
megahertz. When the pressure on one side of the propa 
gation medium rises, the output frequency rises mono 
tonically. In one experimental sensor tested, the fre 
quency shifted 0.65 Hz per microbar. This compares 
very‘favorably with a prior-art SAW pressure sensor 
whose output may also be a changing frequency, for the 
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device of the present invention is sixteen times more 
sensitive, while operating at a frequency about twenty 
three times lower than that of the SAW device. 

Also, where the sensor forms an oscillator, the oscil 
lator frequency can be stable to better than one part in 
one million. Thus, in the pressure-sensor example, the 
device can detect pressure changes as small as a few 
microbars (millionths of atmospheric pressure). 
The invention can also be con?gured to measure a 

pressure applied to both sides of the propagation me 
dium or membrane. Pressure applied to the membrane 
in this fashion will affect the loading of the propagating 
Lamb wave and may have both dissipative and velocity 
effects on the wave. However, as mentioned earlier, 
where the phase velocity of the Lamb wave in the mem 
brane is smaller than the sound wave velocity in the 
?uid being measured, no wave energy will be radiated 
to the ?uid, and there will be no dissipative effect. The 
requisite low antisymmetric wave velocity can be 
achieved by choosing an appropriately low ratio of 
membrane thickness to wavelength and a low value of 

_ in-plane tension. 
The dimensions of the sensor can be adjusted so that 

the center frequency of its antisymmetric mode lies 
anywhere from 1 MHz to as much as 100 MHz. The 
range of operating pressure for the device can likewise 
be adjusted by sealing the device dimensions. 
Where the sensor is employed as a microphone, the 

membrane produces an output that varies about a ?xed 
(carrier) frequency in response'to an incident sound 
wave. Speci?c applications include using the device as 
a sound pickup in a gas or liquid, or through solid 
contact for vibration monitoring. I 
The Lamb-wave device can also be employed in 

biological sensing. For example, the membrane can be 
pre-coated with antibody molecules, so that the fre 
quency of the device changes upon immersion in a liq 
uid that contains the corresponding antigen. Antigen 
antibody attachment at the surface of the propagation 
medium acts to alter the wave velocity causing the 
oscillation frequency to change in the delay line oscilla 
tor form. Also, the membrane may be made of a porous 
and permeable material, allowing the coating of a 
greater surface area and also allowing the antigen-con 
taining liquid to be ?owed through the membrane, in 
order to speed up the antigen-antibody attachment. 
Other biological interactions may also be sensed, and 
additional applications include immunoassay, clinical 
laboratory testing, in vivo biomedical monitoring, and 
biomedical research. 
The new sensor can also be employed in chemical 

sensing applications. For example, when the device 
absorbs vapors or gases from the atmosphere in a ?lm 
deposited on the membrane, the output frequency 
changes. Simulations indicate that the device is at least 
an order of magnitude more sensitive than a SAW 
vapor sensor operating at the same wavelength, for 
example at 141 micrometers. . 

Despite the thinness of the propagation medium or 
membrane, a sorptive ?lm can be spun directly onto a 
freely suspended membrane in a functioning device. A 
heating element can be placed on the membrane surface 
opposite or beneath the sorptive ?lm, and the tempera 
ture of the membrane can be cycled repeatedly in a 
known fashion, such as linearly as a function of time. 
The oscillation frequency can be measured during each 
cycle of temperature increase. Molecules or atoms 
sorbed in the ?lm will be desorbed and leave the ?lm at 
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different characteristic temperatures. The temperature 
at which the oscillation frequency changes markedly, 
indicating desorption of molecules from the ?lm, can 
provide an indication of the type of molecule that was 
present. This application of thermal desorption spec 
troscopy, with the Lamb-wave sensor, can increase the 
ability of the sensor to detect vapors and gases selec 
tively, and the sensor can also be used in research on the 
sorption of molecules or atoms. Use of the device as a 
test bed for research on chemical reactions is also at 
traetive. Applications include process control, pollution 
monitoring, personnel dosirnetry, and other chemistry 
research. 

In addition to thermal desorption spectroscopy, SOme 
suitable membrane materials are optically transparent, 
enabling the device to incorporate optical beams for 
photothermal, photoacoustical, and optical desorption 
spectroscopy. The sensor may be used as a dosimeter in 
circumstances where particles, such as ions or ?ssion 
fragments, pass through or are captured in the propaga 
tion medium, altering its propagation characteristics. 
For example, mass loading from captured particles may 
affect the propagation medium or membrane stiffness. 
To increase the effect of such particles, the membrane 
may have a suitable ?lm which is strongly affected by 
the particles of interest. 

In addition to the mechanical application as a pres 
sure sensor described above, the new sensor is also 
sensitive to other characteristics of a medium in which 
it is immersed. For example, the density of the ?uid 
medium surrounding the membrane affects the charac 
teristics of the Lamb waves that propagate through the 
medium. Thus, it is feasible to monitor ?uid density, as 
well as other properties, to high precision, such as one 
part in one million, or better. Applications include pro 
cess control, transportation, and metrology. 

Since absorption of radiant energy causes the mem 
brane of the present sensor to be heated, thereby chang 
ing the Lamb wave characteristics, optical and thermal 
applications are also possible. Functioning as a radiome 
ter, the device can detect the presence of radiant 
sources whose temperatures are only 0.01 degree Cel 
sius above ambient. Response to steady temperature is 
even more sensitive. Applications include security sys 
tems, sensing fault-produced heating, wide-range radi 
ometry, and temperature sensing. 

In some biological and chemical sensing applications, 
devices pursuant to the invention can have inexpensive 
disposable sensor elements that are inserted into a small 
instrumented holder for readout. The sensor elements in 
this form can comprise a propagation medium and 
transducer structure that can be inserted in a holder that 
includes all auxiliary electronic components needed to 
provide a sensor readout. _ 

Unlike most other sensors, the present sensor may 
conveniently operate at several alternative frequencies 
that depend differently upon the in?uence of different 
measurands. By successively selecting broadly the oper 
ating frequency band of the ampli?er in the delay line 
oscillator form, several oscillation frequencies may, 
measured with a single sensor and from them, the sensor 
can determine the values of several different measu 

- rands. 

The new sensor can also be constructed for simulta 
neous multi-frequency operation. In the delay line form, 
several band-pass filter and ampli?er series combina 
tions can be added in parallel, to form the feedback 
path. Each ?lter may pass a different frequency to its 
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associated ampli?er and produce oscillation, and each 
separate frequency can be measured with a frequency 
counter. In this way, a single propagation medium may 
be used to sense several measurands. 
The propagation medium or membrane can also be 

constructed for shear horizontal propagation of Lamb 
waves. Such Lamb waves along the propagation me 
dium are particularly sensitive to the viscosity of a sur 
rounding ?uid. 

Also, an isotropic propagation medium or membrane 
material enables multi-directional operation, with the 
generated Lamb waves propagating in different direc 
tions at an angle to each other and at possibly different 
frequencies. In these embodiments, a set of transducers 
is used for each propagation direction, each set having 
a launching and receiving transducer. Such a sensor 
may efficiently utilize the area of the membrane to pro 
vide simultaneous indication of several measurands. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a greatly enlarged schematic cross-sectional 
view of a Lamb wave sensor embodying the principles 
of the invention, drawn to an exaggerated vertical scale. 
FIG. 2 is a further enlarged view of a portion of the 

membrane of FIG. 1. - 
FIG. 3 is an enlarged view similar to FIG. 2, but 

showing a portion of a membrane that includes a pro 
tective coating. 
FIG. 4 is a schematic cross-sectional view a sensor 

having only a partial ground plane. 
FIG. 5 is a schematic cross-sectional view a mem 

brane that consists entirely of a piezoelectric material. 
FIG. 6 is a somewhat schematic top plan view of the 

sensor shown in FIG. 1, showing the transducer ar 
rangement. 
FIG. 7 is a schematic representation of a selective 

Lamb wave sensor that includes a reference oscillator. 
FIG. 8 is a schematic representation of a Lamb-wave 

sensor having an output that is compensated to exclude 
slowly-varying phenomena. 

' FIG. 9 is a schematic cross-sectional view of an alter 
native embodiment of a sensor according to the inven 
tion. 7 

FIG. 10 is a schematic cross-sectional view of a pas 
sive one-port sensor embodying the principles of the 
invention, drawn to an exaggerated vertical scale. 
FIG. 11 is a schematic cross-sectional view of an 

active one-port form of the sensor of this invention. 
FIG. 12 is an enlarged schematic view of another 

transducer arrangement which may be used pursuant to 
the invention, where the membrane is nonconducting 
and nonpiezoelectric. 
FIG. 12A is another embodiment employing a non 

piezoelectric material for the membrane. 
FIG. 13 is a schematic cross-sectional representation 

of a nonpiezoelectric-membrane delay line. 
FIG. 14 is a schematic representation of a delay line 

sensor embodying the principles of the invention having 
an adjustable membrane stiffness. 
FIG. 15 is a schematic view of another form of the 

invention using integral acoustic ampli?cation. 
FIG. 16 is a schematic view of a Lamb-wave sensor 

according to the invention, utilizing multiple-frequency 
oscillation. 
FIG. 17 is a schematic cross-sectional view of a sen 

sor according to the invention for performing thermal 
desorption spectroscopy. ‘ 
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FIG. 18 is a schematic cross-sectional view of a sen 

sor according to the invention for performing photo 
thermal desorption spectroscopy. 
FIG. 19 is a schematic cross-sectional view an alter 

ative device for introducing an optical beam into the 
membrane. 
FIG. 20 is a schematic plan view of a Lamb‘wave 

sensor using multiple direction propagation. ‘ 
FIG. 21 is a view in perspective of a hand-held Lamb 

wave sensor according to the invention. 
FIG. 22 is a partial sectional view of a membrane 

holding structure for a hand-held Lamb-wave sensor 
embodying the principles of the invention. 
FIG. 23 is a somewhat schematic top plan view of a 

disposable sensor chip according to the invention. 
FIG. 24 is a mostly schematic view in perspective and 

drawn to exaggerated vertical scale, illustrating a 
Lamb-wave sensor device according to the invention 
that can accommodate shear horizontal Lamb wave 
propagation. 
FIG. 25 is a schematic cross-sectional view of a mag 

netic ?eld sensor according to the invention. 
FIG. 26 is a schematic cross-sectional view of a sen 

sor according to the invention equipped with a ?ltering 
medium. ' 

FIG. 27 is a schematic cross-sectional view of an 
accelerometer according to the invention. 
FIG. 28 is a schematic bottom plan view of the accel 

erometer shown in FIG. 27. 
FIG. 29 is a schematic cross-sectional view, drawn to 

an exaggerated vertical scale, of an alternative acceler 
ometer according to the invention. 
FIGS. 30—-34 are schematic cross-sectional views, 

drawn to an exaggerated vertical scales, showing inter 
mediate forrns taken in the production of the accelerom 
eter illustrated in FIG. 29. 
FIG. 35 is a schematic cross-sectional view of an 

other alternative accelerometer according to the inven 
tion. 
FIG. 36 is schematic sectional view of a venturi 

meter employing Lamb-wave sensors pursuant to the 
invention. 
FIG. 37 is a schematic cross-sectional view showing 

the mounting of a Lamb-wave sensor in the fluid ?ow 
passage of FIG. 36. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 illustrates one form of a Lamb wave ultrasonic 
sensor 20 embodying the principles of the invention. 
The sensor 20 includes a substrate 21 that supports a 
propagation medium or membrane 22. A launching 
transducer 23 and a receiving transducer 24 are located 
on the propagation medium at spaced-apart locations. 
Separated from the propagation medium 22, a feedback 
ampli?er 25 is connected in a feedback path 26 between 
the receiving and launching transducers, and a fre 
quency counter 27 is connected to the output of the 
feedback ampli?er 25. 
A preferred form of the propagation medium or 

membrane 22 is shown in detail in FIG. 2. The mem 
brane 22 is a planar sheet of material comprising a ?lm 
or base layer 30 of nonconductive or semiconductive 
base material, a ?lm 31 of conductive material, and a 

10 

20 

25 

40 

45 

55 

10 
22 shown in FIG. 2 may be formed, pursuant to the 
invention, having an inherent tensile stress, as may the 
other propagation medium forms of the invention. This 
inherent tensile stress may be used to advantage in sens 
ing applications and also helps in maintaining the true 
planar form of the propagation medium. 
The base layer 30 may be made of silicon nitride 

having a thickness of approximately 2.0 microns. The 
layers 31 and 33 may both be aluminum, each approxi 
mately 0.3 microns in thickness, the layer 31 forming a 
ground plane for the transducers and the material 33 
forming the transducer electrodes. The piezoelectric 
layer 32 may preferably comprise zinc oxide having a 
thickness of approximately 0.7 microns. 
As shown in FIG. 3, the propagation medium or 

membrane may include a protective coating 34. For 
example, the protective coating 34 may comprise a thin 
layer of polytetrafluoroethylene (Te?on) that prevents 
corrosion of electrodes when the sensor is immersed in 
liquids or is operated in corrosive environments. The 
protective coating 34 may alternatively be a thin sili 
cone coating to prevent blood coagulation at the sen 
sor’s surface, when it is used for in vivo monitoring in 
cardio-vascular system. . 

Another alternative propagation medium 40 is shown 
in FIG. 4. In this form of the sensor, there is no ground 
plane along at least a portion of the propagation me 
dium between two transducer structures 41 and 42. 
Rather, a ground plane 43 is restricted to the area of the 
transducers 41 and 42. With this propagation medium 
40, the electric ?elds generated by the piezoelectric 
material 46 can extend into a dielectric liquid 45 on the 
other side of the silicon nitride layer 44. Thus, the sen 
sor employing this propagation medium '40 can respond 
to the dielectric and conducting properties of the liquid 
45. 

In FIG. 5 the propagation medium or membrane 
consists entirely of a piezoelectric film 47. Transducers 
48 and 49, shown schematically, are coupled to the 
piezoelectric ?lm 47 for generating both symmetrical 
and antisymmetrical Lamb wave modes. In this case the 
?lm 47 may be a piezoelectric polymer such as poly 
vinyl-?uoride. 
FIG. 6 shows the preferred transducer structure in 

plan. Both the launching and the receiving transducers 
23 and 24 respectively, are interdigital ?nger transduc 
ers deposited directly on the propagation medium 22. 
The launching transducer 23 comprises two electrodes 
36 and 37, and the receiving transducer 24 comprises 
two electrodes 38 and 39. 

In operation of the embodiment illustrated in FIGS. 
1, 2, and 6, the Lamb waves are launched at the launch 
ing transducer 23, with the transducer electrodes 36 and 
37 being driven differentially with respect to the ground 
plane 31. Thus, an alternating electrical ?eld is created 
between each electrode ?nger F and the ground plane 
31 across the piezoelectric layer 32. The piezoelectric 
layer 32 is deformed in response to the alternating ?eld 

- and generates a Lamb wave, which then propagates 
60 

thin ?lm 32 of piezoelectric material. A layer 33 of 65 
conductive material representing a portion of a trans 
ducer structure is also shown deposited on the upper 
surface of the membrane 22. The propagation medium 

along the propagation medium 22. The wavelength of 
the Lamb wave so generated is approximately equal to 
period P of the electrode ?ngers or an odd integral 
fraction of P, such as P/3 or P/S, for example. 

In order to generate antisymmetric mode Lamb 
waves in a propagation medium, some asymmetry is 
required. An asymmetrical membrane or propagation 
medium is one that does not have perfect symmetry 
with respect to an imaginary plane that is parallel to and 
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equidistantly spaced from the two outer surfaces of the 
membrane. From such an asymmetrical structure, both 
antisymmetric and symmetric mode Lamb waves may 
be generated. 

In the membrane embodiments illustrated in FIGS. 2, 
3, and 4, asymmetry is provided by the different thick 
nesses of the membrane constituent layers. In the mem 
brane shown in FIG. 5, which has only a single layer 47 
of piezoelectric material, asymmetry is provided by 
having no ground plane electrode. If a ground plane 
electrode is used in a single layer membrane, asymmetry 
may be provided by making the ground plane from a 
material having a different weight from the transducer 
electrode material, or by making the ground plane with 
a different thickness. , 

The Lamb waves launched at the transducer 23 prop 

an. 

agate along the propagation medium or membrane 22 to ' 
the receiving transducer 24 and cause a deformation of 
the piezoelectric layer 32 at the receiving transducer 24. 
This wave-induced deformation of the piezoelectric 
layer 32 causes an electrical signal at the transducer 24, 
which is representative of the Lamb wave at that point. 
Waves naturally launched by the transducer 23 in a 

direction away from the transducer 24 are prevented 
from interfering with sensor operation by angled ends 
28 that re?ect these unwanted waves, so that their 
wavefronts are no longer parallel to the electrode ?n 
gers of the transducers. Also, the Lamb waves that 
travel past the transducer 24 are re?ected similarly at 
angled ends 29 to prevent their re?ections from actuat 
ing the transducers. Alternatively, a dissipative absorp 
tive material, such as a wax, may be placed on the mem 
brane 22 beyond the transducers 23 and 24 to prevent 
wave re?ections. 
The signal received at the transducer 24 is fed back 

along the feedback path 26 to the ampli?er 25, where 
the signal is ampli?ed sufficiently to sustain oscillation. 
The ampli?ed signal is then fed back to the launching 
transducer 23. The transducers 23 and 24, the propaga 
tion medium 22, and the feedback ampli?er 25 thus form 
an oscillator that operates at the frequency of the Lamb 
waves travelling through the propagation medium 22. 
For a given Lamb wave mode, such as the zeroth-order 
antisymmetric mode, the frequency response of the 
ampli?er gain determines at which of its possible fre 
quencies the device will oscillate. 
The frequency counter 27 is preferably connected to 

the feedback path 26 at the output of the amplifier 25, 
where the signal representing the Lamb wave is great 
est. The frequency counter 27 includes a display (not 
shown) that provides a readout of the oscillation fre 
quency. . 

The Lamb-wave sensor illustrated in FIG. 1, 2, and 6 
senses a measurand that alters the characteristics of the 
material which makes up the propagation medium or 
membrane 22. These material characteristics include 
elastic stiffness, density, tension, thickness, length be 
tween the transducers, piezoelectric stiffening, and load 
made, both reactive and dissipative. A change in the 
membranematerial characteristics, in turn, affects char 
acteristics of the Lamb waves propagating along the 
membrane 242. These latter characteristics are moni 
tored to provide an indication of the measurand value. 
The sensor embodiment’ illustrated in FIGS. 1, 2, and 

6 can be used as a microphone, since an air-borne sound 
wave impinging on the membrane 22 will strain the 
membrane, causing the Lamb wave phase velocity to 
become time-varying and producing a modulation of 
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12 
the oscillator frequency. The microphone output will 
be a frequency-modulated voltage with information 
about the impinging sound wave carried in its side 
bands. 
Lamb wave phase velocity can be altered by physical 

changes that occur in a sensitive coating ?lm on the 
membrane 22 when the coating interacts with chemical 
or biological species carried in a liquid. Also, zeroth 
order antisymmetric Lamb waves have phase velocities 
low enough to permit their use while in contact with a 
‘?uid, without loss of wave energy to the ?uid. There 
fore, the sensor 20 can be operated while immersed in a 
?uid, an ability required for many chemical and biologi 
cal sensing applications but dif?cult to achieve in SAW 
devices. 

Since the Lamb-wave device responds to changes of 
membrane tension, surface loading, and changes in 
transducer dimensions, it is suited to a number of me 
chanical applications. A force applied to the membrane 
directly or to the substrate, strains the membrane and 
causes a change in oscillator frequency. Thus, the sen 
sor could be employed as a scale for weighing very 
small masses. Also, since surface loading from the depo 
sition of material on the membrane surface causes a 
response, the sensor can be employed as a deposition 
monitor for use in an evaporation or sputtering system, 
for example. 

Response to gas or liquid pressure can be realized in 
two ways. If the propagation medium or membrane 22 
is subjected to unequal pressures on its two sides, strain 
of the membrane will cause an oscillator frequency to 
change. If both sides of the membrane 22 are subject to 
the same pressure, the membrane tension will be con 
stant, but loading of the propagating Lamb wave will 
depend upon the pressure, and so produce a sensor 
response. ' 

Loading one or both sides of the membrane 22 with a 
?uid can cause large velocity changes and oscillator 
frequency shifts. Analysis shows that the magnitude of 
the change depends primarily upon the density of the 
?uid, the sound velocity in the ?uid having a somewhat 
smaller effect. Thus, density and mass of the loading 
fluid may also be measured with the device illustrated in 
FIGS. 1-6. 
Temperature has several effects on the wave propa 

gation characteristics of the membrane or propagation 
medium 22. Temperature affects the elastic stiffness, 
tension, and density of the membrane 22, as well as the 
length of the membrane 22 between transducers. Thus, 
the device illustrated in FIGS. 1-6 can also be used to 
measure temperature with great sensitivity. 
The sensitivity to temperature also makes it possible 

to use the sensor as a radiometer. As a radiometer, the 
incident radiation heats the membrane to cause the 
response. Also, the response of the sensor as a radiome 
ter can be increased by the addition on the membrane of 
a layer of black material, such as graphite, which 
strongly absorbs radiant energy. . 
The Lamb-wave sensor illustrated in FIGS. 1, 2, and 

6 may be formed on a silicon wafer by depositing 
LPCVD silicon nitride uniformly over a wafer (not 
shown) and then etching away the silicon from beneath 
the nitride layer 30. The LPCVD silicon nitride can be 
deposited at 835° C. in a 5 to 1 gas ratio of dichlorosi 
lane and ammonia, to obtain a low stress ?lm suitable 
for fabricating membranes. Deposition time may be 
approximately 5 hours to obtain a 2 micron-thick ?lm. 
Using a two-sided alignment technique, windows may 




















